Ultraviolet (UV)-induced DNA damage causes an efficient block of elongating replication forks. The checkpoint kinase, CHK1 has been shown to stabilize replication forks following hydroxyurea treatment. Therefore, we wanted to test if the increased UV sensitivity caused by the unspecific kinase inhibitor caffeine-inhibiting ATM and ATR amongst other kinases-is explained by inability to activate the CHK1 kinase to stabilize replicative structures. For this, we used cells deficient in polymerase g (Polg), a translesion synthesis polymerase capable of properly bypassing the UV-induced cis-syn TT pyrimidine dimer, which blocks replication. These cells accumulate gaps behind progressing replication forks after UV exposure. We demonstrate that both caffeine and CHK1 inhibition, equally retards continuous replication fork elongation after UV treatment. Interestingly, we found more pronounced UV-sensitization by caffeine than with the CHK1 inhibitor in clonogenic survival experiments. Furthermore, we demonstrate an increased collapse of replicative structures after caffeine treatment, but not after CHK1 inhibition, in UV-irradiated cells. This demonstrates that CHK1 activity is not required for stabilization of gaps induced during replication of UV-damaged DNA. These data suggest that elongation and stabilization of replicative structures at UV-induced DNA damage are distinct mechanisms, and that CHK1 is only involved in replication elongation.
INTRODUCTION
The PI-3 kinase-related kinases ATM, ATR and DNA-PKcs are activated following DNA damage and constitute major components to orchestrate the DNA damage response. While ATM and DNA-PK are activated at DNA double-strand breaks (DSBs), the ATR kinase is activated at single-stranded DNA (ssDNA) generated upon replication stress through interaction with ATRIP, which interacts with the ssDNA binding protein RPA (1) . In turn, the ATR kinase phosphorylates the CHK1 kinase, which is a key component for mediating cell cycle arrest in the S and G2/M phases of the cell cycle (2) . In S phase, CHK1 suppresses origin firing after DNA damage through phosphorylation of CDC25A (3) . In addition, the CHK1 protein has many other functions during S phase, for instance in directly promoting homologous recombination at stalled forks by assisting the exchange of RPA with RAD51 and phosphorylation of RAD51 directly (4, 5) . ATR and CHK1 but not ATM or CHK2 are critical for maintenance of fragile sites (6, 7) . Also, CHK1 has a very important role to protect hydroxyurea stalled replication forks from collapsing (8) , which seems to be a conserved role from Saccharomyces cerevisiae, where CHK1/CHK2 ortholog rad53 mutants fails to fully protect stalled forks from *To whom correspondence should be addressed. collapse (9) , consistent with the role of Cds1 in budding yeast (10) . However, replication collapse in methyl methanosulphonate-treated rad53 mutants is dependent on EXO1 and it is clear that the minor S. cerevisiae checkpoint kinase CHK1 also has RAD53-independent roles for stabilizing stalled replication forks (11) . This demonstrates that the process of preventing stalled forks from collapse is a more complex pathway in S. cerevisiae than previously anticipated.
In mammalian cells the CHK1 kinase has an important role promoting replication elongation (12) , which has generally been thought to be linked with its role in maintaining fork stability. However, more recent data demonstrate that the role of CHK1 in promoting replication elongation is through its role in suppressing origin firing (13) .
The ATR-CHK1 pathway is activated upon ultraviolet (UV)-induced replication block (14, 15) , which is important to mediate the intra-S phase arrest to prevent replication initiation after UV damage (16) . ATR also signals through Claspin (17) , the TIM/TIPIN complex (18, 19) and CHK1 (14, 16, 20) to slow down replication forks after UV treatment. UV-induced fork slowing also requires the RAD51 and XRCC3 proteins (21, 22) .
Bypass of physical DNA damage including UV-induced lesions has been shown to occur behind the replication fork (23, 24) . During replication of UV-damaged DNA, replication forks continue past the lesion, leaving behind ssDNA gaps in the newly replicated DNA (25) (26) (27) . These ssDNA regions are likely to trigger monoubiquitination of proliferating cell nuclear antigen (PCNA) via the RAD6-RAD18 pathway (28, 29) , increasing the affinity of PCNA for translesion synthesis (TLS) polymerases, a process recently reviewed in (30) . The ssDNA also serves as a signal for ATR-mediated CHK1 phosphorylation (31) . In addition to gap filling by TLS, the cell may employ a recombinational pathway for DNA damage bypass (21, 22) .
Caffeine is an unspecific kinase inhibitor that blocks checkpoint signalling and other important cellular functions, and has been shown to inhibit both ATM and ATR in a dose-dependent manner (32) . Caffeine treatment after UV irradiation causes premature chromatin condensation, a hallmark of cells entering mitosis before completion of DNA replication (33) . This occurs via inhibition of CHK1 through ATR inhibition, and is not induced by ATM inhibition (33) . In addition, caffeine treatment but not ATM inhibitor KU55933 abrogates the G2 checkpoint induced by unfilled ssDNA gaps following UV irradiation (25) . In Xenopus egg extracts, extended stretches of ssDNA coated with RPA stops DNA replication in an ATR but not ATM-dependent manner, a process that is inhibited by caffeine (34) . Caffeine has been extensively used when studying xeroderma pigmentosum variant (XP-V) cells as it sensitises these cells to UV exposure (35) . These cells, derived from patients with the sunlight-induced syndrome XP-V, are deficient in the TLS polymerase Z (PolZ) (36) (37) (38) , which is capable of correctly bypassing the most common UV-induced DNA lesion, cis-syn thymine-thymine cyclobutane pyrimidine dimer (CPD) (39-41). More recently, it was reported that resumption of DNA replication and survival in PolZ-deficient cells is dependent on the ATR-CHK1 pathway (31) .
Here, we wanted to study the stability of replication structures on UV-damaged DNA after inhibition of the CHK1 kinase pathway using the selective CHK1 kinase inhibitor CEP-3891. As a comparison, we also investigated how elongation and stabilization of replication forks is affected by caffeine during replication on UV-damaged DNA. We report that caffeine and the CHK1 inhibitor CEP-3891 similarly affects continuous replication elongation. Surprisingly, we find that CHK1 activity is not required for stabilization of UV-induced gaps behind the replication fork, which separates the role for CHK1 in replication fork elongation and stabilization of UV-induced replicative gaps. Furthermore, we report that in PolZ-deficient cells, the collapse of replicative structures after UV irradiation is induced by the presence of caffeine but independent of CHK1 activity. This suggests that stabilization of replicative structures after UV irradiation, in analogy with S. cerevisiae, are maintained in a complex kinase network.
MATERIALS AND METHODS

Cell culture
The SV40-transformed, PolZ-deficient fibroblast cell line XP30RO originally obtained from a patient and containing an empty vector, and the restored cell line XP30RO+PolZ stably expressing PolZ from a vector (42) , were a kind gift from Dr Alan Lehmann, University of Sussex, UK. Cells were grown in Dulbecco's Eagle's minimum essential medium (DMEM) with 10% foetal calf serum and 1% streptomycin-penicillin, restored cells in the presence of 100 mg/ml zeocin. Cells were cultured and treated in an incubator at 37 C with 5% CO 2 . The XP30RO cells have a 13 bp deletion leading to a frame shift, yielding a 42 amino acids protein (38) .
UVC irradiation
Cells were washed with cold Hank's balanced salt solution (HBSS) before irradiation at room temperature under a 254 nm UVC low-pressure mercury lamp (Phillips TUV 15 W) at indicated doses. Dose rates used were 0.18 and 0.10 J/m 2 s. Exposure times were controlled using a fast magnetic shutter mounted within the apparatus and controlled by a timer.
Inhibitors
Caffeine (Sigma) was dissolved in DMEM to a concentration of 50 mM half an hour before use, and diluted to a working concentration of 1 mM. CEP-3891 (obtained from Stephen Trusko, Cephalon Inc.) was dissolved in DMSO (0.5 mM) and diluted to 0.5 mM. Go¨6976 (Calbiochem) was dissolved in DMSO (1.32 mM) and diluted to 1 mM. SB-218078 (Calbiochem) was dissolved in DMSO (2 mM) and diluted to 2 mM. All inhibitors were diluted to their final concentration in pre-warmed DMEM 15 min before use.
Nucleic Acids
Research, 2012, Vol. 40, No. 17 8441
Clonogenic survival
In 10 cm tissue culture dishes, 5 Â 10 5 cells were seeded and allowed to grow for 24 h before irradiation with different doses of UVC on ice. After 24 h recovery, in presence or absence of inhibitors added directly after treatment, a sufficient number of cells were re-seeded in triplicates onto 10 cm tissue culture dishes and grown in DMEM. After 10 days, colonies were fixed and stained with methylene blue dissolved in methanol (4 g/l).
Immunofluorescence
Cells were seeded on cover slips and allowed to grow for at least 18 h before being pulse labelled with EdU (10 mM) for 10 min directly followed by UVC irradiation (2.5 J/m 2 ). The cells were then allowed to repair for in the presence of absence of inhibitors for 6 h before fixation with 1% paraformaldehyde for 20 min, permeabilized for 10 min with 0.3% Triton X-100 in phosphate buffered saline (PBS), blocked with 3% bovine serum albumin (BSA) in PBS for 40 min, incubated with primary antibodies against gH2AX (Upstate, mouse, clone JBW301) for 2 h at room temperature, washed and permeabilized followed by EdU staining using Click-iT Alexa Fluor 488 (Invitrogen) following the manufacturer's instructions. The slides were then washed and permeabilized again before incubation with fluorophore-conjugated secondary antibody (Alexa 633 goat anti mouse, Molecular Probes) for 1 h at room temperature, washed and mounted in ProLong Gold (Invitrogen). Antibodies were diluted 1:1000 in PBS with 3% BSA. Fluorescence images were captured using a Zeiss LSM 510 inverted confocal microscope using planapochromat 63Â/NA 1.4 oil immersion objective, excitation wavelengths of 488 and 630 nm and processed using the LSM software. Only cells with distinct EdU foci were analysed for gH2AX foci number, size and intensity. Analysis was performed using ImageJ software (43) . In total 300-500 foci from coded samples in two separate experiments were analysed.
Replication fork elongation using the alkaline DNA unwinding technique
Continuous replication fork elongation was measured as described previously (22) . Shortly, 3 H-thymidine is incorporated into ongoing forks during 30 min, and the forks are allowed to progress from the labelled area for 4-8 h. By addition of alkaline solution, DNA unwinding is initiated from free DNA ends. When unwinding is initiated from the free DNA ends at a replication fork, the fraction of labelled ssDNA is a measurement of fork progression from the labelled area, decreasing as the fork progresses. Cells plated in 24-well plates (70 000 cells/well) were allowed to grow for 18 h before pulse labelling (0.5 h) with 37 kBq/ml 3 H-thymidine (GE Healthcare) in DMEM, directly followed by UVC irradiation with indicated doses and incubated in pre-warmed DMEM with or without inhibitors for indicated times. Replication was terminated by the addition of 0.5 ml of ice-cold 0.15 M NaCl and 0.03 M NaOH unwinding solution, and 30 min incubation on ice in darkness. Unwinding was stopped by the addition of 1 ml of 0.02 M NaH 2 PO 4 . DNA was fragmented to $3 kb by sonication (B-12 sonifier with micro-tip; Branson) for 15 s, and sodium dodecyl sulphate (SDS) was added to a final concentration of 0.25%. After overnight storage at À20 C, single-and double-stranded DNA was separated on hydroxy apatite columns at 60 C, and radioactive decay was determined.
Pulsed-field gel electrophoresis
Directly after 0.5 h labelling with 14 C-TdR (4.39 mM, 9.25 kBq/ml), cells were UVC irradiated (10 J/m 2 ), and allowed to repair in pre-warmed DMEM with or without inhibitors for indicated times. The cells were then harvested and 10 6 cells melted into 10 mg/ml InCert agarose (Cambrex) plugs and incubated for 48 h in 0.5 M EDTA, 1% N-laurylsarcosyl, and 2 mg/ml proteinase K at 20 C in darkness. After four washings in Tris-ethylenediaminetetraacetic acid (EDTA) buffer, separation was performed on agarose gel (1% certified megabase agarose, Bio-Rad) on a CHEF DR III apparatus for 20 h (Bio-Rad, 120
angle, 4 V/cm, switch time 60/240 s, 14 C). The gel was stained with ethidium bromide, and DNA was transferred to a nylon membrane (Hybond-N, Amersham Pharmacia Biotech) according to the manufacturer's protocol. The membrane was dried at 50 C over night, and exposed onto a phosphoimager plate (FujiFilm) for quantification employing ImageGauge software (FLA-3000, FujiFilm).
SDS-PAGE and western blotting
Harvested cells were lysed on ice in lysis buffer (100 mM Tris, 150 mM NaCl, 1% NP-40) containing 1Â Complete protease inhibitor cocktail (Roche) and 1Â phosphatase inhibitor mix (Thermo Scientific). Cell lysates equivalent to 50 mg protein, were separated by SDS-polyacrylamide 4-12% Bis-Tris gels (BioRad) and transferred to nitrocellulose membranes (GE Healthcare). Antibodies and concentrations used were phosphorylated ATM (mouse monoclonal, Santa Cruz, 10H11.E12, 1:500), ATM 
RESULTS
CHK1 inhibitor and caffeine delays replication fork elongation in Polg-deficient cells
To monitor the effects on replication fork elongation after exposure to short-wave UV, we used the alkaline DNA unwinding method. For this, PolZ-deficient XP30RO cells and cells with rescue expression of PolZ (XP30RO+PolZ) were pulse labelled directly before UV irradiation and allowed to progress from the labelled area in the presence or absence of CHK1 inhibitor or caffeine. At different time points, replication was stopped and unwinding of DNA from open ends was started ( Figure 1A) . There is no difference in the progression on undamaged DNA ( Figure 1B and C), as reported previously (44) . UV irradiation delays the continuous replication fork elongation slightly in restored cells, but induces a considerably stronger block in PolZ-deficient XP30RO cells ( Figure 1B and C). We find that caffeine treatment further delays the continuous replication fork elongation in UV-irradiated XP30RO cells ( Figure 1B) . We show that replication fork progression is also reduced in UV-irradiated XP30RO cells with PolZ rescue expression after caffeine treatment. Interestingly, addition of CHK1 inhibitor CEP-3891 decreases the continuous replication fork elongation after exposure to UV ( Figure 1C) , to levels similar to the effect of caffeine in both cell lines. CHK1 inhibition also slightly decreases continuous replication fork elongation in unirradiated cells. This is in agreement with an overall reduction of replication elongation by inhibition or siRNA depletion of CHK1 (12, 45) and may be explained by an increase in replication initiation following CHK1 inhibition (13) . The effect of CHK1 inhibition on irradiated samples is considerably greater compared to unirradiated samples. As for caffeine, the replication elongation block induced by CHK1 inhibitor CEP-3891 is more severe in PolZ-deficient cells compared to restored cells, in agreement with a previous study using a different CHK1 inhibitor, UCN-01 (31).
CHK1 inhibition and caffeine affects checkpoint signalling and reduces survival in UV-irradiated cells
After UV damage, the ATR kinase is activated by ssDNA regions and in turn activates ATM (46) and CHK1 (14) via phosphorylation. Here, we investigated the checkpoint signalling pattern after treatment with caffeine or CEP-3891. We found that addition of caffeine reduced the ATR dependent UV-induced phosphorylation of ATM on S1981, as well as of CHK1 on S345 (Figure 2A) . Also, gH2AX levels are increased by addition of caffeine, as expected ( Figure 2A ). It is well established that inhibition or depletion of CHK1 causes hyperactivation of the upstream ATR kinase (8) . In agreement with this, we found that ATR-dependent phosphorylation of both ATM and CHK1 are increased following CHK1 inhibition ( Figure 2B ). Although CHK1 is hyperphosphorylated, it will remain inactive due to the presence of the inhibitor. Also, an increased level of gH2AX signal is present in CHK1 inhibited cells. Taken together, caffeine treatment and CHK1 inhibition after UV exposure have very similar effect on continuous replication fork progression and checkpoint signalling in these cell lines. These results indicate that caffeine may be inhibiting the ATR pathway and the CHK1 kinase at the conditions used in these experiments. To further investigate this, we compared survival rates of XP30RO and XP30RO+PolZ cells after treatment with caffeine or CEP-3891. Caffeine has been shown to decrease survival in UV-irradiated XP30RO cells following UV irradiation (35) . Here, we confirmed the sensitization of XP30RO cells by caffeine, and also demonstrate that the CHK1 inhibitor CEP-3891 causes a similar but weaker sensitization of XP30RO cells after UV exposure ( Figure 3A and B) . Interestingly, the effect on UVirradiated XP30RO cells by caffeine at the doses used here is stronger than the impairing of survival after CHK1 inhibition (clarified in Figure 3C ). Since CEP-3891 and caffeine similarly reduced replication elongation on a UV-damaged template, this may imply that caffeine affects another pathway required for survival in XP30RO cells following UV exposure.
Caffeine but not CHK1 inhibition induces replicationassociated DSBs after UV irradiation
Treatment with either caffeine or CEP-3891 induces a gH2AX response (Figure 2A and B) , a well-known marker of DNA DSBs but which has also been shown to occur after treatments causing replication elongation problems also in absence of DSBs (47, 48) . We decided to specifically test whether caffeine treatment and CHK1 inhibition even increases the collapse of replication forks into DSBs after UV exposure. We pre-labelled cells for 0.5 h with 14 C-thymidine to specifically study UV-induced DSBs that are associated with replication. We performed this study in XP30RO cells as they display an enhanced UV sensitivity in the presence of caffeine or CHK1 inhibitor. Directly after labelling, cells were exposed to UV irradiation and allowed to repair in the presence or absence of caffeine. Cells were collected at different time points (0, 2, 4, 6, 24 h) to allow DNA separation by pulsed-field gel electrophoresis. This allows visualisation of all induced DSBs after staining with ethidium bromide ( Figure 4A ) and detection of replication-associated DSB visualized by autoradiography ( Figure 4B ). We found that caffeine treatment increased the amount of UV-induced replicationassociated DSBs ( Figure 4C ). This is in agreement with the increase of gH2AX signal after caffeine treatment. In sharp contrast, when we repeated the experiment using CHK1 inhibitor CEP-3891, we find very little increase in UV-induced replication-associated DSBs after inhibition of CHK1 (Figure 4D-F) . In line with this, we also see that caffeine, but not CEP-3891, treatment causes an increase in both foci intensity and foci area (P < 0.05) in cells replicating when irradiated, although the number of foci per cell does not significantly differ between the treatment groups (Supplementary Figure S1) . To ensure that the absence of active CHK1 does not affect the formation of replication-associated DNA DSBs after UV irradiation, we repeated the experiment with two additional CHK1 inhibitors (Go¨6976 and SB-218078). Consistent with the effect of CEP-3891, replication-associated DNA DSBs are induced after UV exposure, but the presence of either of the two additional CHK1 inhibitors does not affect this ( Figure 4G-I ). These two additional CHK1 inhibitors have the same effect on continuous replication fork elongation, measured in the same way as in Figure 1 (Supplementary Figure S2A and B) . It is somewhat unexpected that CHK1 activity does not affect the stability of replication structures formed by forks stalled by UV irradiation, as it has previously been reported that CHK1 is important for stabilization of hydroxyurea stalled replication forks, however at late time points (8) . Consistent with this, the presence of a CHK1 inhibitor does induce a small increase in DSB levels 24 h after UVC irradiation ( Figure 4D and E) . To confirm the activity of our CHK1 inhibitor, we measured the induction of DNA DBSs by this inhibitor alone, seeing an induction of DSBs by the inhibitor alone confirming previous results (8) that are prevented if replication is inhibited by hydroxyurea (Supplementary Figure S3) .
DISCUSSION
The CHK1 kinase is a key mediator in maintaining replication fork stability (5, 8) , due to its role in controlling replication origin firing (13) . Interestingly, we show that CHK1 inhibition does not affect the collapse of replication structures after UV irradiation, in sharp contrast to its role after hydroxyurea treatment. This could partially be explained by hydroxyurea studies (5, 8) generally employing longer treatments than we did here. However, the difference may be largely explained by the difference in structures formed depending on the type of forkinterfering agent. While hydroxyurea slows down replication and causes replication forks to halt due to nucleotide depletion, physical damage such as UV-induced pyrimidine dimers or methylated bases causes an initial total block to replication fork elongation. However, despite such DNA damage, replication is believed to continue leaving unreplicated gaps behind the replication fork (27, 44) . It was recently shown that budding yeast replisome complexes remain intact at early time points after UV exposure despite formation of ssDNA gaps (49) . Interestingly, replication fork integrity was independent of the main yeast S phase checkpoint kinase Rad53 (49) . The direct stabilization of replication structures on UV-damaged DNA appears to be controlled by a complex network of proteins, however the induction of replication-associated DSBs after UV exposure occurs independently of CHK1, but is enhanced by caffeine treatment. From our experiments, it is obvious that DNA structures formed after replication of UV-damaged DNA are stabilized by caffeine-sensitive kinase(s) but the stabilization is unrelated to CHK1. Interestingly, a recent report shows that the physical presence of CHK1 protein may affect replication fork progression after UV exposure as ATR knockdown and CHK1 inhibition equally retards fork progression, but CHK1 knockdown induces a further slowing of replication fork progression (50) .
CHK1 has been shown to promote ubiquitination of PCNA in a kinase-independent manner (51) . Although this modification enhances TLS activity (52-54), we see a strikingly more pronounced block on replication elongation on UV-damaged DNA from removal of PolZ expression compared to CHK1 inhibition. This suggests that there are other factors than CHK1 which are largely contributing to TLS activity after UV exposure. It is possible that the effect of CHK1 on replication fork elongation after UV in PolZ-proficient cells is solely explained by decreased PCNA ubiquitination. This suggests that the effect of CHK1 inhibition on continuous replication fork elongation after UV exposure in PolZ-deficient cells is explained by decreased activity of other TLS polymerases.
In conclusion, we show that CHK1 is important for replication elongation on UV-damaged DNA, similar to the role of CHK1 after replication fork slowing by hydroxyurea treatment. However, we show that there is at least one pathway needed to protect and stabilize replication structures after UV irradiation, which is independent of CHK1 but inhibited by caffeine. 
